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a  b  s  t r  a  c  t
Green  machining  of  ceramics  through  Computer  Numerical  Control  (CNC)  is  efﬁcient  for  near  net  shape
fabrication  due  to  minimum  consumption  of energy,  less  tool  wear,  and  high  material  removal  rate.
However,  there  are  numerous  critical  issues  need  to  be addressed  while  manufacturing  customized  com-
ponents  through  green  state  machining  including  fabrication  of  machinable  green  ceramics,  designing  of
suitable  mold  for slurry  casting,  manufacture  of  suitable  sample  holders  for mounting  the  fragile  green
samples  during  machining,  and  designing  of  machining  tools  for good  surface  ﬁnishing.  This  article  intro-
spects  these  critical  issues  and  its possible  solutions  for  efﬁcient  fabrication  of dental  crowns  as  a case
study  via  green  state  machining.  Highly  loaded  (55 vol%)  alumina  slurry  was  prepared  for the fabrication  ofreen machining
ental crown
iamond impregnated tool
machinable  dense  alumina  compacts  by Protein  Coagulation  Casting  (PCC)  technique.  Cylindrical  alumina
compacts  were  fabricated  by  casting  alumina  slurry  into  the  polyvinyl  chloride  (PVC)  mold.  Metallic  cylin-
drical  sample  holder  was  fabricated  for mounting  the  green  alumina  samples  for CNC  machining.  Diamond
impregnated  tool  (∼3 mm  diameter)  was  used  for  near net shaping  of  dental  crown  by grinding/milling.
Dental  crown  (incisor)  was  successfully  fabricated  by  optimizing  different  machining  parameters.
© 2013  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
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t. Introduction
Ceramics are used for many strategic applications includ-
ng biomedical ﬁeld [1–3] owing to its excellent corrosion and
ear resistance properties [4,5]. Ceramics also exhibit different
roperties under physiological conditions such as bio-inertness,
ioactivity and bioresorption depending on their compositions as
er the requirements [6–10]. Due to low fracture toughness and
otch sensitivity, they are mostly used under compressive mode
specially for load bearing applications including femoral head and
cetabulum cup for hip joints, porous and highly interconnected
caffold as bone graft, tibial tray for knee joints, dental crown,∗ Corresponding author. Tel.: +91 9434701616.
E-mail addresses: sdhara@smst.iitkgp.ernet.in, santanudhara@gmail.com
S. Dhara).
eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
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ltc. [11–15]. Among different oxide based ceramics, zirconia and
lumina have been mostly preferred as the dental restorative mate-
ials, mainly due to their relatively high mechanical strength and
sthetic properties [16]. Partially stabilized zirconia is relatively
tronger and considered as a material of choice for the fabrication
f crowns. Besides mild radioactivity, aging behavior associated
ith hydrothermal phase transformation in vivo has restricted its
pplication in recent times for hard tissue implants [17,18]. In this
ontext, alumina can be used as a prototype for the development of
oad bearing implants and restoration of dentistry in a cost effec-
ive way. In addition to this, its biocompatibility, high wear and
orrosion resistance properties have promoted use of alumina for
he restoration of dentistry.
Many fabrication strategies are now being used for net shape
orming of ceramics such as isostatic pressing [19], slip casting
20], extrusion [21], and injection molding [22] and recently devel-
ped processes such as gel-casting [23,24] and Protein Coagulation
asting (PCC) [25]. Each of these processes has its own merits
nd demerits. All of these techniques are based on direct mold-
ng followed by demolding. Interestingly, most of the implants
or biomedical applications are custom speciﬁc and need mold
ree fabrication for rapid manufacturing. There are several solid
reeform fabrication (SFF) techniques [26] including 3D printing,
nk-jet printing, fuse deposition modeling of ceramics based on
ayer by layer deposition using 3D model image. However, these
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echniques are not suitable for the fabrication of ceramic based
mplants due to the presence of notches and surface defects during
ayer by layer deposition.
In this context, rapid tooling is the preferred option for the fab-
ication of custom speciﬁc ceramic components. But, sintered state
achining of ceramics is not viable owing to its high hardness and
ow facture toughness. With the advancement of recently devel-
ped techniques including gelcasting, PCC, etc., net shape forming
f ceramics via green state machining [27,28] is opening a new
venue for one-off custom speciﬁed product especially for biomed-
cal implants due to their high green body strength.
The green state machining via rapid tooling may  be a potential
lternative by addressing several problems associated with near
et shape manufacturing. High green body strength of ceramic
ompacts has rendered the possibility of complex shapes man-
facturing by green machining in an economical way. Mold free
abrication via green state machining is economical due to less
nergy and time consumption, less tool wear out associated with
everal other advantages including high material removal rate
nd good surface ﬁnishing [29]. Further, the notches and subsur-
ace defects created during machining could be minimized during
hrinkage associated with sintering. However, there are numerous
ritical issues need to be addressed for manufacturing customized
omponents through green state machining such as formulation
f machinable green ceramics, close ﬁtness of implants/prosthesis
fter shrinkage associated with sintering, size/shape variation,
ample holders to mount the fragile green samples for machining,
pecialized tools (material and geometry) for green machining.
This manuscript highlights different critical issues related to
reen state machining and possible strategies for the development
f customized implants, and as a case study, dental crown (incisor)
as fabricated using rapid tooling. Speciﬁcally, machinable green
eramics, different machining options, tool material/geometries,
ample mounting techniques and surface quality/ﬁnish of the
achined sample were described in detail. This study also high-
ights the effect of machining on green body, swarf types during
achining and quality of the alumina components produced.
. Experimental procedure
For green state machining of alumina, pre-requisite was the
achinable green alumina which could be near net shaped into
ental crown by Computer Numerical Control (CNC) machine.
.1. Preparation of highly loaded alumina slurry using PCC
Alumina powders (RG 4000, Almatis, Germany) were char-
cterized prior to slurry preparation. The average particle size
nd surface area of the powders (d50) were 0.7 m and 7 m2/g,
espectively. X-ray diffraction (XRD) analysis revealed that alu-
ina powder was in alpha phase. Alumina slurry was prepared
n aqueous medium using different amount of poly(maleic acid)
Aquapharm, India) as dispersant [30]. Through optimization study
f dispersant amounts, 1 mL  of PMA/100 g alumina was  used for
5 vol% aqueous suspension. During slurry preparation binders
uch as egg white (20 vol% premix volume basis) and sugar (3 wt%
lumina powder weight basis) were chosen for the coagulation
f slurry into gel and to achieve high green body strength and
heir amounts were optimized through rheological study. Finally,
00 mL  of 55 vol% aqueous alumina slurry was prepared in 250 mL
ottles where premix (water, dispersant, binder and antifoaming
gent) materials were added in steps followed by gradual addition
f alumina powder. For homogeneous milling of alumina slurry
irconia milling media (∼3 mm average diameter, Zirconox, Jyoti
a
o
o
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eramics, India) was added in 1:0.8 weight ratio of alumina pow-
er. The slurry was  homogeneous and agglomerates free with good
ow-ability after 24 h of ball milling. The slurry viscosity was mea-
ured to evaluate the ﬂow behavior of aqueous alumina slurry
y rotational viscometer (Bohlin, Malvern Instruments, UK)  using
 mm gap of 20 mm diameter parallel plate geometry with solvent
rap.
.2. Mold for green alumina compacts
For selection of mold, dimension of the ﬁnal component
as taken into consideration which facilitated development of
et shape via removal of minimum amount of material by
reen machining of alumina. In this endeavor, 24-well plate (BD
alconTM; Fig. 1a) was  chosen for casting cylindrical samples to
abricate incisor and canine. Further, polyvinyl chloride (PVC) pipe
ith intended diameter (Fig. 1b) was  also attempted for the fabri-
ation of incisor, canine and molar crowns.
.3. Casting of highly loaded alumina slurry
The prepared alumina slurry was full of bubbles which were
ncorporated during milling for 24 h. It is important to remove all
he bubbles before casting for the preparation of defect/bubble free
omponents. The slurry was  sieved to remove milling media and
 mL  n-octanol (antifoaming agent) per 100 mL  of slurry was  added
or deairing [31]. The slurry was  put in ball mill at low rpm for
 h to remove any entrapped air bubbles. Prior to cast, the molds
ere coated with petroleum jelly as mold releasing agent for easy
emoval of components. This bubble free slurry was  cast into a
ylindrical mold and dried under controlled humidity. The dried
amples were removed from the mold and stored for machining.
.4. Characterization of green and sintered alumina compacts
Mechanical properties of the alumina green compacts mainly
epend upon the solids loading, amount of binder content in the
lurry, extent of deairing and green density. A variety of samples
ere tested for green strength evaluation. The densities of both
he green and sintered cylindrical alumina samples were measured
y Archimedes principle. The percent shrinkage of the cylindrical
lumina samples during drying and sintering was calculated using
inear dimensional measurements. The microstructures of green
nd sintered alumina compacts were examined by SEM microscopy
EVO ZEISS, Carl Zeiss SMT  AG, Oberkochen, Germany). The ﬂex-
ral strength of green and sintered alumina rectangular samples
40 mm × 5 mm × 4 mm)  was measured in three point bending con-
guration with a span of 25 mm,  at a speed of 0.5 mm/min using
 Universal Testing Machine (Hounsﬁeld, Model H25KS, Redhill,
ngland). Hardness of green and sintered samples was measured
hrough a Vickers indentation (LECO Hardness Tester, LV700, LECO
orporation, USA) using 10 gf for 15 s and 1000 kgf for 10 s, respec-
ively.
.5. Development of 3D model image
3D model image of the incisor was generated by scanning the
riginal crowns collected from cadaver by 3D laser scanner (Picza,
PX-600, Roland, Japan). Different view of scanned images is shown
n Fig. 2a and b for incisor which was subsequently merged, ﬁltered
nd modiﬁed using reverse engineering software (XOR & XOV) for
btaining ﬁnal 3D model image as shown in Fig. 2c. The ‘stl’ format
f this 3D image was  used for CNC machining (MDX 540, Roland
G Ltd., Japan) to near net shape objects.
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.6. Strategy for development of tools for green machining of
lumina
For the fabrication of customized alumina products through
ear net shape forming via green state CNC machining, wear resis-
ance property of tool is the prior requirement as alumina has
igh wear resistance property. In this context, a suitable tool
eometry/features were also important which could provide bet-
er surface ﬁnish as well as stability of the tool during machining
t high rotation per minute (rpm). In the present study, a dia-
ond impregnated tool is fabricated for near net shape forming
ia green state machining [32]. Pointed end tool was  an important
eature for the reconstruction of ﬁner features and ﬂat end geom-
try facilitated faster material removal rate. For the fabrication of
iamond impregnated tool, a matrix of Ni (94% by weight)–Fe (6%
y weight) alloy was prepared as base material on which diamond
articles were mounted through sintered metal powder fusing.
he optimized percentage of Ni–Fe alloy matrix with partially
xposed diamond particles would increase the cutting efﬁciency,
ool lifespan and production of small chip size. Diamond impreg-
ated tool with cylindrical pointed end shape (diameter ∼3 mm,
ength ∼47 mm,  blade angle ∼10◦, grain size ∼20 m)  was used for
reen machining operation [33]. For the generation of smooth sur-
ace ﬁnish grain size of diamond was also important for tool life,
urface quality of materials and materials removal rate. Schematic
f the diamond impregnated tool used for green machining is
hown in Fig. 3a and b.
s
b
1
Fig. 2. Schematic of dental crown (incisor) (a) vertical scanned (b) horizontal scannedates and (b) PVC pipes used for slurry casting.
.7. Sample holder for machining
A suitable sample holder was needed to develop for holding the
reen alumina work piece during CNC machining to avoid damage
elated to mounting. As the samples were extremely fragile suitable
ounting stage is vital to avoid vibration associated with machin-
ng. After completion of machining, recovery of samples was also
qually important. Metallic sample holders were manufactured for
oth vertical and rotary axis machining as combined machining
as attempted for components like incisor.
.8. Green machining operation
Bench-top four axis CNC milling machine was  used for machin-
ng at variable rpm of 4500–15000 with maximum x–y speed
0 mm/s  and z speed 30 mm/s. In the present study, the x–y and
 direction speeds were optimized for obtaining high quality sur-
ace ﬁnish in minimum time period as shown in Table 1. Different
achining parameters of CNC machine were set while adjusting
rigin of both the tool position and samples.
.9. Characterization of machined surfaceThe characterization of the machined surface of the green and
intered body was  important in order to optimize the machining
ehavior on the quality of the surface. Optical Stereozoom (MVX
0, Leica, Germany) and SEM microscopy of the as-machined
 and (c) ﬁnal ﬁltered modiﬁed image by XOR/XOV rapid prototyping software.
S. Mohanty et al. / Journal of Asian Cera
Table  1
Optimized machining parameters for fabrication of dental crown (incisor).
Machining parameters Surfacing Roughing Finishing
XY speed (mm/s) 8 8 6
Z speed (mm/s) 4 4 3
Spindle rpm 8000 8000 8000
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tCutting amount (mm) 0.5 0.2 0.1
Path interval (mm) 0.2 0.2 0.1
urfaces of the green alumina sample were carried out to examine
he quality of the surface ﬁnish by diamond impregnated tool. The
verage roughness values of the as-machined and as-machined
intered alumina samples along the perpendicular direction of
he machining were assessed using surface proﬁlometer (Taly-
urf i60/i120/i200-Inductive Systems, Taylor Hobson Limited,
eicester, England).
. Results and discussion
Highly loaded alumina slurry was the primary requirement
or the preparation of high density green alumina compact to
chieve high sintered density and less drying/sintering shrink-
ge. For obtaining good quality surface ﬁnish slurry compositions,
inder content and slurry viscosity play a crucial role. The slurry
ith high viscosity was  difﬁcult to deair which rendered difﬁculty
n machining. To achieve low viscosity and easy machinability,
ugar was used as a binder, plasticizer and viscosity modiﬁer. Suit-
ble green body strength was also important for efﬁcient machining
nd good surface ﬁnishing. Green body with low and high green
trength exhibited difﬁculty in machining and also caused poor
urface ﬁnishing. Whereas, low green body strength resulted in
p
p
f
p
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ifﬁculties during mounting/machining of the samples, due to brit-
leness. The strength of the green body prepared by PCC techniques
as tailored by powder loadings and the amount of binder content
n the alumina slurry and optimization of dispersant. The viscosity
f the highly loaded alumina slurry (55 vol%) was  measured to be
.1 Pa s at 2.8 s−1 shear rate and was sufﬁcient for ﬁlling into the
old by pouring. The slurry viscosity was  suitable for the prepa-
ation of green body with minimum air bubbles. Green density of
he vacuum dried alumina green body was ∼62% of the theoretical
ensity which was satisfactory to obtain high sintered density. The
reen alumina compacts contained about ∼4 wt% binder and sin-
ered density of alumina was above 99% of the theoretical density.
he optical image of cylindrical bulk samples is shown in Fig. 4a.
he microstructure of the green body was quite homogeneous and
ubble free as shown in Fig. 4b. The grain size distribution of the
intered microstructure was also homogeneous as shown in Fig. 4c.
lexural strength of the green and sintered alumina compacts made
y PCC was 10.2 ± 0.5 and 348.3 ± 27.8 MPa  respectively. The hard-
ess of the green sample was  0.12 ± 0.20 GPa (Table 2).
.1. Selection of mold for alumina slurry casting
In case of 24-well plate made of polystyrene, the diameter of the
ast cylindrical compacts was  larger (17 mm)  than the intended
iameter which resulted in extended machining time. Further it
as also difﬁcult to remove the vacuum dried green samples from
he holder without any damage to the green body. To obtain ﬁnal
roduct with less volume of material removal in minimum time
eriod, PVC pipe of diameter of 13 mm  was selected. PVC pipe also
acilitated easy removal of green body after drying compared to
olystyrene mold (24-well plate).
steel tool used for green stage machining.
278 S. Mohanty et al. / Journal of Asian Ceramic Societies 1 (2013) 274–281
Fig. 4. Schematic of (a) optical microscopic view of bulk green alumina compacts, SEM micrograph of fractured surface of (b) green and (c) sintered alumina samples,
respectively.
Table 2
Mechanical properties of green, sintered alumina and original dental crown.
Samples %Shrinkage (linear) % Density (of theoretical value) Flexural strength (MPa) Vickers hardness (GPa)
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.2. Green ceramic mounting device
For green machining of dental crown, one of the major chal-
enges was the mounting of green alumina compacts to CNC table.
echanical clamping was not suitable as the excess clamping
ressure could damage the green compacts owing to their brit-
leness/poor mechanical strength. Vacuum clamping was also not
ossible owing to porous nature of the alumina green compacts.
urther, during machining operation, small vibration and higher
ensile/bending mode of stress resulted in detachment/breakage
f the samples. Also, to get the exact shape and size of the dental
rown, machining should be carried out in two modes (a) rotary
xis and (b) vertical axis. Several sample holders were attempted
ncluding T-shaped brass assembly (Fig. 5a–c) for mounting the
ylindrical green alumina mechanically to machine in both verti-
al and rotary modes. But, none of them was suitable for holding
he samples during machining due to detachment of the green sam-
les from the holder. Green alumina samples were detached mostly
rom the holder assembly during machining due to improper align-
ent and deviation from the position. In contrast, due to smaller
ength of the cylindrical sample holder (length ∼30 mm,  outer
iameter ∼30 mm,  and inner diameter ∼15 mm),  deviation from z-
xis was minimized and sample was not detached from the holder
Fig. 5d). The cylindrical holder was mounted on CNC table for ver-
ical machining and rotary axis matching was done after mounting
n the rotary axis with suitable alignment.
b
r
w
d
Fig. 5. Shows ﬁxtures for sample mounting (a, b, c) T s10.2 ± 0.5 0.12 ± 0.20
348.3 ± 27.8 20.89 ± 5
The holding device comprised a cylindrical metallic blank and
he green cylindrical alumina samples were adhered circumferen-
ially by molten wax  in the cavity of the mold. A narrow frame
as ﬁxed by screw connection over the periphery of the cylindrical
lank (Fig. 5e), which was held in the area of a plane encompassing
he longitudinal middle axis of the blank. The frame covered a small
art of the surface of the blank and held in a stable holder with a
lamping adapter. The entire combination was ﬁxed on the base of
he CNC machine in a way that it offered resistant to any twist or
lide. The holding device was  used especially as a work piece for
roducing alumina crowns.
.3. Selection of machining tool
The selection of tool material and an ideal geometry were crit-
cal parameters for the success of near net shape forming of ﬁner
eatures by green machining approach. Prior experience revealed
hat ﬂat end carbide coated tool was not suitable due to its high
ear rate during machining of green alumina and appearance of
lack mark along the tool path was visible after a short period of
achining. Also the ﬂat end carbide coated tool damaged the green
eramic components during machining operation which might
e due to wearing of cutting edge causing difﬁculty in materials
emoval as shown in Fig. 6a. In contrast, the diamond coated tool
as used successfully for CNC green machining with negligible
efects (Fig. 6b) and less tool wear. However, diamond coated tool
haped assembly and (d, e) cylindrical assembly.
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[34]. Chip size produced during machining was powder like as
shown in Fig. 10c. This powder like chips facilitated better edge
retention during machining and hence provided good quality sur-
face ﬁnishing. Finally, optimizing the above mentioned criticalFig. 6. Shows the optical microscopic images of machined surface of green alu
as relatively expensive and not easily accessible. In this context,
iamond impregnated tool was explored for green machining to
abricate various complex shaped objects. Removal of the materials
uring machining operation by diamond impregnated tool would
e organized by milling/grinding operations. The Ni–Fe alloy
atrix supported the diamond granules strongly and improved
he wear resistance property of the tool owing to diamond impreg-
ation. Diamond particle provided the rough surface for removal of
aterials and metal shank served as a support gauge. The conical
ointed end tools with diameter ∼3 mm were used for the fabrica-
ion of dental crown to generate ﬁne features. The tool geometry
nd average diamond particle size were signiﬁcant aspects to
btain smooth surface ﬁnish along with complex curvature. This
lso provided good edge retention by controlling the chip size
uring machining. The diamond impregnated tool was successfully
sed for net shape forming of green ceramics in a cost effective way.
.4. Dental crown: custom design and fabrication
For incisor fabrication, two steps machining was essential to
evelop complex curvature and topography both on the side/top
urface as per the scanned image. In two steps machining, shifting
f the axis was  the major problem and very often the vertical axis
achining was not exactly super positioned with rotary axis as
hown in Fig. 7. Precise alignment of sample holders in vertical and
otary axis (Fig. 8a and b) was essential to avoid misalignment of
he machined surface. The conical shaped pointed end tool offered
tability during machining associated with ﬁne surface ﬁnish with-
ut signiﬁcant wear. Further, green machining operation could be
ontinued for several hours without the use of coolant. The green
lumina cylindrical compacts provided sufﬁcient green strength
or CNC machining. Different machining parameters, for example,
utting speed, feed rate and depth of cut were decisive factors for
he rate of machining and success of near net shape forming by
his approach. These parameters were optimized to obtain ﬁnal
achined product with a minimal time period along with good sur-
ace ﬁnish. The machining parameters higher than optimum led to
rregular surface ﬁnish due to uneven removal of the brittle alumina
reen body.
Incisor was successfully fabricated within 1.5 h by using opti-
ized machining parameters (Table 1) using CNC machine ashown in Fig. 9b which resembled closely with the natural incisor
s shown in Fig. 9a. After completion of the machining, the sam-
le was placed inside the electric chamber furnace (Model 70C 5,
ysakh, Kolkata, India) for sintering at 1550 ◦C for 2 h.
F
o samples by (a) carbide coated tool and (b) diamond coated tool, respectively.
.5. Surface ﬁnish of the machined surface
The machined surface of the green and sintered samples was
xamined by stereo zoom and SEM microscopy as shown in Fig. 10a
nd b respectively. The appearance of ﬁner notch on the machined
urface was due to tool movement path. The result also sup-
orted with the presence of spikes at regular interval of the surface
roﬁlometry data as shown in Fig. 11a and b for green and sin-
ered machined samples respectively. It was also observed that the
verage surface roughness of the as-machined and as-machined
intered samples using diamond impregnated cylindrical conical
haped tool was  0.35 ± 0.03 m and 0.18 ± 0.07 m,  respectively,
hich were relatively less than that of the roughness of enamelig. 7. Schematic of defective samples produced by machining due to mismatching
f vertical and rotary axes.
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Fig. 8. Schematic of mounting of cylindrical sample holders on the CNC table in (a) vertical mode and (b) rotary mode.
Fig. 9. Schematic optical view of (a) incisor collected from the cadaver and (b) fabricated incisor by diamond impregnated conical pointed end tool via green state CNC
machine.
Fig. 10. Shows the optical and SEM micrograph of (a) as-machined and (b) as-machined sintered alumina surface by diamond impregnated mild steel tool, respectively, (c)
chips  produced during green machining.
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[ig. 11. Shows the surface proﬁle of (a) as-machined green and (b) as-machine
erpendicular direction.
arameters, different symmetrical and unsymmetrical objects such
s micro gears, cylinders, dental crowns and ladders were also suc-
essfully fabricated using diamond impregnated tools via green
achining approach.
. Conclusions
The difﬁculties associated with machining of green ceram-
cs were successfully overcome through optimization of critical
arameters. Green alumina compacts prepared using PCC were
achinable using diamond impregnated tool. High powder load-
ng (55 vol%), binder compositions (speciﬁc ratio of egg white and
ugar) played important role for achieving suitable green body
trength (10.2 ± 0.5 MPa) and hardness (0.12 ± 0.20 GPa) for green
tate machining. Design of sample holders, tool geometry, align-
ent of the sample holders, sample geometry and optimized
achining parameters were the key factors for successful fabri-
ation of desired components. Diamond impregnated tool (∼3 mm
iameter) with conical geometry was successfully used for near
et shaping of incisor via grinding/milling. This tool offered good
tability and resistance to wear during machining of ﬁne features
ainly due to its conical pointed end geometry and presence of
mpregnated diamond particles. For the fabrication of incisor, com-
ined machining (vertical and rotary mode) was followed where
lignment of the axis was the most critical. The as-machined and
s-machined sintered alumina compacts had good surface ﬁnish
ith roughness of 0.35 ± 0.03 m and 0.18 ± 0.07 m,  respectively
hich was satisfactory for development of dental crown through
his approach.
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